We constructed a simple statistical model to predict the minimum temperature in spring from evening dew point temperature (Td) and relative humidity (H) data, and then compared it with a Brunt-type semi-empirical heat balance model. In general, statistical models are considered to have only local validity and to relate well only to calm, clear skies. However, there has been a lack of detailed analyses on the universal validity of these statistical models and the effects of weather conditions on them. We used hourly meteorological data collected in March, April, and May in Aomori, Yamagata, Fukushima, and Matsumoto to construct both models. The minimum temperature on calm, clear nights (Tm) was expressed as Tm Td -10.29 ln (H) 42.0. The equation was accurate at all 4 locations, with a low root mean square error (RMSE) of 1.39 . On all calm nights, the RMSE was 1.80 . Under all weather conditions, the RMSE was 2.16 . Two important factors in the Brunt-type model-the net longwave radiation and the thermal inertia of soil-were empirically determined from data collected on calm, clear nights. The Brunt-type model gave less accurate results, with an RMSE of 1.88 . Applying the statistical model with all-weather parameters at 18 locations nationwide in April 2001, when severe frosts occurred, gave RMSE values of 1.5 to 2.7 . These results indicate that the statistical model has good universal validity, with more accurate estimates of minimum temperatures than the Brunt-type model under calm, clear skies, and relatively good results under all-weather conditions.
Introduction
Frost injury is one of the most critical forms of damage to fruit crops. Accurate and timely prediction of minimum air temperatures can allow effective management for frost protection. The techniques of frost prediction can be classified as either empirical or physical and technical (Georg, 1978) . Empirical methods are usually based on the relation between the daily minimum temperature and other humidity-related parameters at particular times of the day (Young, 1920; Allen, 1957; Snyder and de Melo-Abreu, 2005) . In Japan, a simple chart to predict night-time cooling from air temperature and relative humidity (RH) at sunset is generally used (Ozawa, 1974) . However, such equations and charts are considered to have only local validity and to relate well only to calm, clear skies (Georg, 1978) .
The first physical-analytical approach was developed by Brunt (1939) , and was based on the idea that all net radiation loss from the soil surface is replaced by soil heat flux towards the surface under conditions when there is light wind and no surface condensation. Brunt's method and its derivatives, based on semi-empirical and technical approaches, have been widely used (Georg, 1978; Parsons and Beck, 2004) . However, they require data on the thermal properties of the soil and commonly apply only under calm, clear skies (Kalma et al., 1992) .
Frost events can be characterized as advective or radiative. Most work has dealt with radiative freezing, and little attention has been paid to the effect of wind speed on the performance of the model. More sophisticated models based on the physical transfer of radiation, sensible heat, and latent heat in the nocturnal boundary layer have been developed (Cellier, 1993; Lhomme and Guilioni, 2004; Kala et al., 2009), but Full Paper they are difficult to use because they require many meteorological and soil physical variables, either measured or assumed.
Any model used to direct frost prevention should be simple and applicable to many locations without the need for site-related calibrations. However, there is little information on the performance and applicability of the equations and models under different local weather conditions. The aims of this study were to develop a simple empirical equation with universal applicability for predicting minimum temperatures without the need for site-related calibrations, taking into consideration wind speed, and to compare its performance with that of a Brunt-type model.
Materials and Methods

Data
We gathered hourly air and dew point temperature (Ta and Td, ), RH (H, ), vapor pressure (e, hPa), wind speed (V, m s -1 ), and cloudiness data collected by Meteorological Agency observatories in Aomori, Yamagata, Fukushima, and Matsumoto during the springs of 1990 to 2009. These sites, which are located in different climatic regions (Table 1) , are famous for their fruit production. Sunset was defined as 18:00 and the minimum temperature was defined as the lowest hourly air temperature recorded from 18:00 the previous night to 09:00 the next morning. Overnight and early morning wind speeds were calculated by averaging the night-time speeds (18:00 to 06:00). Cloudiness was the mean of the measurements at 21:00 and 03:00.
Statistical model
Empirical and statistical methods use the evening dew point temperature (or wet-bulb temperature) and RH to predict the overnight and early morning minimum temperature (Allen, 1957; Georg, 1978; Snyder and de Melo-Abreu, 2005) . The minimum temperature (Tm, ) was expressed as
where Td is the dew point temperature at 18:00 ( ), H is RH at 18:00, and c1 and c2 are constants. The relation between Tm -Td and H was plotted and regressed to develop the equation using both combined and independent data sets of each location. To clarify the influence of wind speed and cloudiness on the model performance, we plotted the relations for calm and clear conditions (wind speed 2.0 m s ), and all data.
Brunt-type model
In calm air with no surface condensation, all net radiation from the soil surface is balanced by the soil heat flux towards the surface. If we assume that screen air temperature is similar to soil surface temperature and that net radiation is constant throughout the night, then the minimum air temperature is given theoretically by the Brunt equation (Brunt, 1939) as
where To is the air temperature at 18:00 ( ), Ln is the net longwave radiation loss from the soil surface (W m -2 ) (Eq. 3 below), t is the duration of cooling since 18:00 (s), and S is the ability of the soil to store heat, which is called thermal inertia or thermal admittance (Eq. 4):
where v is the Stefan-Boltzmann constant (5.67 10
), Ta is the air temperature at 18:00 ( ), e is the vapor pressure at 18:00 (hPa), a0 0.605 and b0 0.048 (Sellers, 1965) , ts is the bulk density of the soil (kg m ). Usually, S is determined directly by Eq. (4). However, S varies widely according to the soil type and moisture content. Therefore, the average value of S was determined empirically from Eq. (2), using the data from calm, clear nights (wind speed 2.0 m s -1 , cloudiness ≤ 0.1), along with a cooling duration of 12 h: 1990-2009 1990-2009 1990-2009 1990-2009 
Model validation
The models were validated from the RMSE (root mean square error) and bias (average error). The validity of the statistical model across Japan was investigated by applying the model to 18 locations in April 2001, when major frost injury occurred in eastern Japan.
Results
Statistical model
The relation between Tm-Td and H was expressed as Tm-Td a · ln (H) b, where a and b are constants (Fig.  1) . When all data were combined, Tm was expressed as (Fig. 2) Table 2 ). Eq. (7) also gave low RMSE values of 1.73 to 1.86.
The statistical model for all days (Eq. (8)) performed well, in spite of the differences in the wind conditions (Fig. 4) We compared the performance of the 2 models at each site under calm, clear skies using the same data sets (Fig. 2 (A), Fig.  3 ). The statistical model gave a lower RMSE (1.39) than the Brunt-type model (1.88). Both models tended to overestimate the positive values of the minimum temperature and to underestimate the negative values. This tendency had a compensatory effect, leading to a relatively low bias. (Fig. 5) . The model performed well across Japan, with RMSE values of 1.5 to 2.7 and bias values of -1.1 to 1.2 (Table 3) .
Discussion
Empirical statistical equations are generally considered to have only local validity and to require site-specific calibrations (Georg, 1978 ). Yet our simple statistical model of spring minimum temperatures gave favorable results for 4 different locations. It also successfully predicted the minimum temperatures across Japan in April 2001, when fruit losses to heavy frosts in the Tohoku, Kanto, Tousan, Hokuriku, and Kinki districts amounted to about 4.7 billion yen.
Among empirical statistical equations, the methods by Young (1920) and Allen (1957) have been most widely accepted (Georg, 1978) . Young (1920) presented an equation (Tm Td-(H-n)/4 V V'), where n varies between districts and with cloudiness, and V and V' are variables depending on the evening dew point and relative humidity, respectively. His method is rather complicated and is successful when used by experienced meteorologists. Then, Allen (1957) developed a simplified equation (Tm Tw -(T0 16)/4) for predicting minimum temperatures on clear, quiet nights in winter and spring (T0 and Tw are the evening dry and wet bulb temperatures). Snyder and de Melo-Abreu (2005) presented a spreadsheet program for calculating Allen's equation that used only data from radiative frost nights and avoided nights with wind speeds 2.0 m s -1 and cloud cover or foggy nights. Compared with these equations, our simple statistical model performed well on calm, clear nights, and relatively well in all weather conditions.
The main reason why the simple model involving the dew point temperature performed well is that the dew Davis (1967) created a chart of predicted minimum temperatures based on the air temperature and dew point temperature at sunset. A similar prediction chart has been used in the frost protection of Florida citrus crops (Parsons and Beck, 2004) . The Brunt-type model and its extensions are useful for analyzing the influence of soil thermal properties on the minimum temperature (Kondo and Yamazawa, 1983; Gardner et al., 1991) . This will give useful information on appropriate soil management for frost protection.
Predicting longwave radiation on cloudy nights is difficult. Some analytical models that consider wind speed and incoming longwave radiation require many parameters and complicated calculations (Lhomme and Guilioni, 2004; Kala et al., 2009) . Although their RMSE values were about 3.2 (Lhomme and Guilioni, 2004 ) and 2.4-3.1 (Kala et al., 2009) , their performance was not much different from that of our simple statistical model.
Conclusion
We constructed a simple statistical model to predict the minimum temperature in spring from the evening dew point temperature (Td) and RH (H), and compared it with a Brunt-type semi-empirical heat balance model. On calm, clear nights, the minimum temperature was expressed as Tm 
